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Abstract
Design of an industrial scale CO2 geological storage (with a cumulative injection over 50 Mt CO2) into a saline aquifer faces 
many challenges including the estimation of CO2 storage capacity and injectivity, the assessment of the storage site integrity, the 
set up of an adequate monitoring program. This paper focuses on another issue related to geological CO2 storage in an 
unstructured (tilted) aquifer, which is the modeling of the ultimate CO2 lateral migration distance from the injection point.
The ultimate CO2 migration distance is difficult to assess as it involves trapping mechanisms associated to different length and 
time scales. It requires modeling the CO2 dissolution in the aquifer, which can be enhanced as a consequence of the increase of 
formation water density when CO2 dissolves, resulting in a vertical instability of the water column (convective mixing).
Modeling the convective mixing processes requires high resolution grids that are not compatible with aquifer sizes and expected 
distance of CO2 migration.
A numerical approach is presented in order to upscale these processes into the aquifer models. This approach is applied first on a 
synthetic aquifer model and then on a 200 Mt CO2 storage design into the Mount Simon Sandstone aquifer (USA).
© 2010 Elsevier Ltd. All rights reserved
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1. Context and objectives of this work
We model a large scale CO2 geological storage in a tilted (unstructured) aquifer.
For high enough permeability aquifers, the CO2 is expected first to migrate vertically below the cap rock, and 
then to migrate laterally following the dip of the formation top. The distance of migration is a critical parameter to 
such CO2 geological storage projects, as it will relate to the integrity issues (CO2 plume may encounter wells or 
geological heterogeneities and could escape laterally from the storage aquifer), monitoring issues (the area to be 
monitored will increase with the CO2 migration) and hence cost and acceptability issues.
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When CO2 migrates below the formation top, the front velocity  is calculated as
 =

	

 (1)
with  and  the horizontal gas permeability and porosity of the formation,  is the density difference between 
the water and the CO2 phases and 	 is the formation water viscosity, 
 the tilt angle of the formation top and  the 
earth gravity. The formula implicitly assumes that formation water pressure regime is not affected by the flow of a 
thin plume of CO2.
With other parameters unchanged, the velocity will increase as CO2 rises following the formation tilt and 
progressively shifts from a dense phase to a gas phase.
The CO2 will migrate as long as the CO2 front is mobile. CO2 migration will ultimately stop when no more 
mobile CO2 is available for further migration. This is primarily due to two trapping mechanisms (see [1] for a 
review of trapping mechanisms): residual trapping and dissolution trapping.
1.1. Residual trapping
At the rear of the plume, imbibition process is to take place, resulting in a residual immobile CO2 saturation in 
the aquifer [2].
When it comes to modeling studies, this process requires the introduction of different imbibition and drainage 
relative permeability curves and can be integrated in large (basin) scale models, even though the relative 
permeability upscaling for large grid cells remains an issue that is still debated in the oil and gas industry [3].
1.2. Dissolution trapping and convective mixing
Modeling CO2 dissolution into formation water at basin scale (100s to 1000s km) using gridded flow models is 
challenging for two issues related to grid cell sizes and time scales.
CO2 first dissolves in the formation water when CO2 phase contacts residual water. This dissolution process is 
limited as the water volume may be smaller than the CO2 volume in reservoir, and the CO2 mass content of the 
saturated formation water is much lower than free phase CO2.
Using large grid cell aquifer models and assuming thermodynamical equilibrium between CO2 and formation 
water will largely overestimate CO2 dissolution as CO2 will have to saturate the formation water before it can flow 
as a free phase in a given cell, whereas CO2 in reality is expected to drain unsaturated (or partially saturated) 
formation water out of the grid block and to contact only part of the residual water.
In order to limit the overestimation of CO2 dissolution, 
 proper gridding strategy can be applied to capture CO2 fronts in the aquifer, that leads to increasing 
drastically the number of grids cells, especially if CO2 is to migrate as a thin layer of super critical fluid 
below a cap rock on very large distances (100s of km)
 alternatively, non thermodynamical equilibrium can be assumed, where CO2 dissolves into the formation 
water in a given cell based on the exchange surface between the two phases. Commercial softwares offer 
no or limited flexibility to follow this route 
The second issue is the initiation of vertical convection in the formation water. When CO2 accumulates below a 
cap rock due to buoyancy forces, CO2 partially dissolves into the formation water, leading to an increase of the 
formation water density and hence a vertical instability. This process leads to an increased dissolution of CO2 into 
the formation water as fresh (non CO2 saturated) formation water replaces the CO2 saturated water below the CO2
plume [4-7].
Modeling this unstability requires high resolution grids [8-9] that are not compatible with basin scale models. 2D 
vertical models or 3D models of high resolution are generally set up to study this unstability, using a horizontal base 
and top and a horizontal CO2 -water interface at the start of the simulation.
1.3. Objectives of this work
We propose an approach to upscale the dissolution processes due to convective mixing so that this trapping 
mechanism can be modeled in large scale aquifers represented with coarse grids.
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A gridded, basin scale approach is used, as it enables to capture structural effects (geometry of the aquifer, local 
faults) and large scale petrophysical heterogeneity. Also temperature, pressure and salinity can be modeled and their 
impact on fluid properties taken into account.
This approach is applied first to a synthetic aquifer model and next to a field case: the Mount Simon Sandstone 
aquifer.
2. Workflow applied to a synthetic, tilted aquifer model
A homogeneous, synthetic aquifer model is considered (figure 1a):
 Thickness of 200 m, length of 100 km and width of 30 km
 Dip of the formation top of 1% (angle near 0.6°)
 Formation water of 30 000 ppm, porosity of 20% and permeability of 10-12 m2 (1000 mD)
 Normal pressure regime, temperature gradient of 0.3°C/km with 14°C at mean sea level
The dimensions are chosen in order to be representative of an aquifer at basin scale, and are not limited to a near 
injection area. They are large enough so that no average pressure build up is noted as a consequence of the CO2
injection, despite no flow boundary conditions applied on all limits of the model.
The CO2 storage consists in injecting 1 MSm
3
/day (app. 0.6 Mt/year) of pure CO2 during 20 years through one 
single vertical well located in the centre of the deepest side of the model.
Eclipse100 flow simulation software is used for this study, as it contains specific options to model dissolution: 
molecular diffusion and a control on a maximum local dissolution rate (DRSDT keyword). CO2 and formation water 
are respectively labeled as gas and oil phases within the software, but are represented with adequate properties and 
dissolution potential:
 CO2 properties are tabulated versus depth, each depth being associated with an initial pressure and 
temperature. This tabulation (rather than entering CO2 properties at a constant temperature) enables to 
account for the cooling of CO2 when it migrates laterally to shallower depths;
 Formation water properties are tabulated versus pressure only (to honour water compressibility);
 Formation water tables include CO2 saturation versus pressure and impact of CO2 saturation on water 
properties 
The importance of taking into account temperature when constructing CO2 property tables is illustrated in figure 
1b. CO2 migration distance is calculated integrating CO2 front velocity (equation 1) along the migration path, 
assuming that the migration is not stopped by any trapping mechanism. As CO2 flows upwards, it progressively 
changes from a dense phase to a gaseous phase, leading to an increasing migration velocity. Neglecting the 
temperature change leads to an overestimation of this process.
Figure 1: (a) Sketch of the geometry of the synthetic, tilted aquifer model; 
(b) distance of migration of CO2 neglecting any trapping mechanism and impact of temperature
Relative permeabilities used for our synthetic model are not derived from laboratory experiments. Indeed, for 
very coarse models, it is not possible to assume that CO2 saturation is homogeneous within grid blocks [3]. As we 
expect CO2 flow to be locally driven by buoyancy forces, we assume that CO2 in a cell is stacked below the top of 
the cell (Vertical Equilibrium), hence:
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 horizontal CO2 drainage relative permeability is proportional to the CO2 saturation
 vertical CO2 drainage relative permeability reaches 1.0 at a low CO2 saturation
In addition, imbibition relative permeabilities are built assuming a 20% residual CO2 saturation after imbibition.
2.1. Study of CO2 dissolution rate into the formation water
Small scale models are set up in order to quantify a CO2 dissolution rate from a thin CO2 layer at the top of the 
aquifer into the bulk of the formation water [8-9]. The model top and base is horizontal, a CO2 gas cap is initially 
present and dissolves with time. 
The impact of the vertical grid cell size is investigated. In figure 2, the CO2 dissolution rate is compared for grids 
with various vertical grid cell sizes, from 0.1 m to 2.0 m. Using a vertical size of 0.5 m or higher creates pulses in 
the CO2 dissolution rate, corresponding to the full dissolution of a given grid layer. This effect disappears when 
using a vertical cell size of 0.1 m. As a consequence of this result, a vertical cell size of 0.1 m is used for the high 
resolution models.
Figure 2: Impact of vertical cell size on the CO2 dissolution kinetics
A sensitivity study is performed on the vertical permeability, ranging from 30 mD to 1000 mD.
Figure 3a summarizes the CO2 dissolution versus time for the various vertical permeability values. Different 
dissolution regimes are observed
 A first period controlled by diffusion only;
 A second period where convective mixing leads to a near constant dissolution rate, which is not reached
for the 10 mD case (pure diffusive case) as no convective cells develop
 A third period where the convective mixing is slown down when CO2 saturated brine reaches the base of 
the model
Figure 3: (a) CO2 dissolution for various vertical permeabilities and (b) snapshot of dissolved CO2 saturation in 
formation water (red indicates saturated formation water)
Figure 3b is a typical snapshot of the model, visualizing the convection cells after a simulation of 120 years for 
the 300 mD vertical permeability case.
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2.2. Upscaling strategies to model the CO2 dissolution rate in the aquifer model
The aquifer models cannot run with 0.1 m cells. Hence, an attempt is presented to reduce the grid spacing to 
standard values (horizontal block size around 100-1000 m and vertical size around 1-10 m). The idea consists in 
reproducing the dissolution rate of figure 3a using a 1D vertical model with a layering identical to the aquifer grid. It 
is vertical as it represents dissolution that would occur in a given vertical column of cells of the regional model.
The strategy used to upscale the processes mentioned above consist in tuning two parameters of the Eclipse 100 
flow model
 The DRSDT keyword, acting as a maximum rate of CO2 dissolution in every grid block
 The diffusion coefficient of the dissolved CO2 in the formation water
For each vertical permeability case, these two coefficients are adjusted in order to match the dissolution kinetics 
from figure 3. Results are presented on figure 4.
Figure 4: Introduction of a pseudo diffusion coefficient and the DRSDT keyword 
to match the CO2 dissolution rate in a 1D vertical model
For each vertical permeability, the values of the two parameters (DRSDT and diffusion coefficient) matching the 
fine grid results on a coarse grid is given in table 1, columns 2&3). On the same table, the CPU-time speed up factor 
from the high resolution grid to the 1D model is given in column 4.
2.3. Application to the tilted aquifer model
The coefficients from table 1 are used in the aquifer model to model the impact of vertical permeability on the 
dissolution rate and, hence, the ultimate migration distance. Last column of table 1 provides the result of the 
simulation, in term of ultimate migration distance.
The upscaling of the dissolution processes is key to this application, as, with no dissolution and only residual gas 
saturation, CO2 would migrate over 100 km.
Kv, 
mD
DRSDT, 
Sm
3
/Sm
3
/day
Diffusion Coef, 
m
2
/day
CPU Time 
speed-up
Migration 
distance, km
10 Not used 3.5E-5 290 14
30 3.0E-4 1.0E-3 2600 24
100 4.0E-4 2.0E-3 3800 20
300 1.0E-3 3.0E-3 15600 14
1000 Not used 3.5E-3 58000 10
Table 1: Value of DRSDT and dissolved CO2 diffusion coefficient parameters to be used in large scale models to 
reproduce small scale model dissolution kinetics; CPU speed up coefficient; migration distance
One notes on table 1 a counter intuitive result: migration distance is the largest for intermediate vertical 
permeability values. This due to the fact that, for very high vertical permeability values, convective dissolution 
process is enhanced and accelerates the CO2 dissolution in the aquifer.
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3. Application to the Mount Simon Sandstone aquifer
We apply this workflow to model long term CO2 migration in the case of a 200 Mt CO2 storage study into the 
Mount Simon Sandstone aquifer, Illinois, USA. Injection rate is assumed to be 8 Mt/annum, to be injected during 25 
years. The objective is to quantify the ultimate migration distance of the CO2 in this aquifer, for an average tilt of the 
formation top of 0.7% in the selected injection area.
3.1. Model set up
Public data were used to build both a geological and a reservoir flow model of this aquifer, at regional scale:
 Depth, Thickness and salinity maps were derived from [10] without introducing vertical heterogeneity 
other than a vertical to horizontal permeability ratio of 0.1;
 Pressure and temperature gradients were derived from [10];
 Porosity and permeability variations with depth were derived from [11];
 Stress gradients and maximum injection pressures were derives from [12].
 Drainage and imbibitions relative permeabilities are based on Viking curves from [13]
A storage area was defined in the central-western part of the aquifer, based on a depth over 800 m, a salinity over 
35 g/l, away from La Salle structural complexes and in a zone were the Eau Claire seal is expected to be effective 
[10]. In this area aquifer top is around 1500 m, sandstones thickness is 300 m, dip of the top aquifer to the North-
West is 0.7%, porosity is near 8%, horizontal permeability of 30mD and vertical permeability of 3mD.
Injector wells are assumed to be vertical, with a tubing diameter of 0.19 m perforated over the whole thickness of 
the aquifer and a skin of +5.
For our study, we assume no flow boundary conditions at the base and top of the Mount Simon Sandstone, and to 
all lateral directions apart from North, where a constant pressure boundary condition is applied.
Due to the extension of the sandstone (500×560 km
2
), the gridding strategy includes
 A regional model with cells of 10×10 km2 extension and 33 layers
 A local grid refinement in the injection area : 50×50 km2 are refined with cells with 0.5×0.5 km2
extension
 Additional sub refining is performed around individual CO2 injectors
This leads to a flow model with 430 000 active cells, primarily located in the refined areas.
Figure 5: (a) Pressure impact after 25 years of injection and 200 Mt injected, in MPa and (b) perspective view of 
the CO2 plume at the same date in the (zoomed) injection area (10 km between 2 wells)
Nine CO2 injector wells are required assuming a distance between injectors of 10 km to limit pressure 
interferences. Figure 5 illustrates the large scale pressure impact (a 0.1 MPa impact is modeled at a distance of 
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50km) to be compared with the CO2 plume extension, limited to app. 3 km diameter circles around each injector.
This significant difference between pressure and saturation plume extensions was also underlined in [14].
3.2. Long term migration modeling
In order to model dissolution kinetics, the workflow presented in section 2 is applied. Small scale, detailed 2D 
models are set up, calibrated towards the injection area, in order to upscale the dissolution kinetics through the 
keyword DRSDT and an upscaled diffusion coefficient.
From this approach:
 DRSDT coefficient is not required
 Molecular diffusion coefficient is to be upscaled to the value of 1.5×10-4 m2/day
Figure 6 compares the migration distance for three different scenarios
 Including the dissolution upscaling strategy
 Neglecting CO2 dissolution into the formation water
 Neglecting both the CO2 dissolution and the residual trapping in the formation water
It illustrates the need to incorporate small scale dissolution processes in large scale models in order to model the 
ultimate migration distance. For the case studied (8 Mt of CO2 injected per year during 25 years through 9 vertical 
injectors), ultimate migration is expected to be less than 8 km from the injection point. 
Figure 6: Modeling of long term migration distance, and impact of dissolution and residual trapping
Figure 7 presents CO2 saturation snapshots at the top of the aquifer for the three models after 1000 years. It 
confirms the limited impact of the diffusion upscaling for this low permeability model, and the fact that CO2 would 
remain mobile if none of the two trapping mechanisms (residual and dissolution) are taken into account.
Figure 7: CO2 saturation after 1000 years, showing the plume extension around the 9 injectors. (a) reference case 
with upscaled dissolution (b) dissolution neglected (c) both dissolution and residual trapping neglected
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4. Summary of findings
In this paper, a modeling procedure is presented in order to incorporate CO2 dissolution kinetics in a large aquifer
model. This approach is based on calibrating two Eclipse100 software parameters, DRSDT and an upscaled 
diffusion coefficient, in order to mimic CO2 dissolution observed in a 2D, high resolution model, with parameters 
representative of the aquifer. This approach is applied to homogeneous models only.
For our cases, long distance CO2 migration is obtained for high horizontal permeability and low vertical 
permeability. Indeed, dissolution processes involving convective mixing are enhanced for high vertical permeability 
that limits the lateral migration of CO2. CO2 migration distance remains much smaller than the pressure footprint of 
the CO2 storage.
This work underlines the need for further developments of the flow modeling software, so that they can model 
the convective mixing of CO2 in large aquifer models.
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